We model the effect of the off-axis distance of edge dislocation on the transmission of mixed higher order optical vortex-edge dislocations in atmospheric turbulence. We find that when mixed dislocations beams propagate through atmospheric turbulence, the higher order optical vortex will break down, and the topological charge is conserved in the process; an edge dislocation evolves into a pair of optical vortices with the opposite topological charge. With the increase of the propagation distance, one of the optical vortices that are broken down and one of the optical vortices that are evolved will annihilate. And the bigger the off-axis distance of edge dislocation is, the bigger the annihilation distance of optical vortices is. The results illustrate that as the off-axis distance of edge dislocation increases, the transmission of mixed dislocations propagating through atmospheric turbulence becomes better.
Introduction
Singular optics is recognized as a rapidly emerging branch of modern optics, which deals with a wide variety of effects associated with phase singularities in wave fields, as well as with the topology of wave fronts. It is known that there exist three main phase dislocations of monochromatic light waves: Screw dislocation (optical vortex), edge dislocation and mixed dislocations [1] . The optical vortex is connected to the orbital angular momentum (OAM) of light, whose helical phase front is described by exp(inθ), where θ is the azimuthal angle, and n is the OAM carried per photon [2] . The edge dislocation with π-phase shift is located along a curve at transverse plane [3] . Mixed dislocations are composed of an edge dislocation and an optical vortex. The light intensity of the field of phase singularities is zero. Because of the importance of the theory and its application in optical communications [4] - [8] , optical tweezers [9] , [10] , optical manipulation and trapping of small particles [11] - [14] and quantum information processing [15] , [16] , it has aroused widespread interest among scholars. Wang reported the advances in optical communications using optical vortices [4] . Sun et al. have presented a detailed study on OAM mode purity of integrated vortex beam emitters [17] . Jeng et al. have studied partially incoherent optical vortices propagating in self-focusing nonlinear media [18] . Zhang and Chen demonstrated experimentally that the topological charges of the optical vortices can be multiplied and transformed into arbitrarily higher-order on demand [19] . The dynamic evolution of optical vortices propagating through free space was reported by Yan and Chen [20] , [21] . The generating methods of vortex beams were reported in various literatures [22] - [26] .
It is well known that the inhomogeneity in temperature and pressure of the atmosphere contribute to the variations of the refraction index structure constant along the transmission path, which might distort the helical wave fronts and increase the loss of data in optical communication systems. Gao et al. have investigated the Bessel-Gauss photon beam with fractional topological charge in the paraxial non-Kolmogorov turbulence [27] . Fu and Gao have investigated the atmospheric turbulence effects on OAM spectra of different kinds of vortex beams [28] . In this paper, we present a study on the evolution behavior of mixed higher-order optical vortex-edge dislocations in atmospheric turbulence, and discuss the influence of the topological charge' sign of higher-order optical vortex on the evolution of mixed dislocations. In Section 2, the model of the transmission of mixed higherorder optical vortex-edge dislocations propagating through atmospheric turbulence is established. The evolution behavior of mixed dislocations propagating through atmosphere turbulence is shown in Section 3. The main results of this paper are provided in Section 4.
Theoretical Model
The initial field distribution of mixed higher-order optical vortex-edge dislocations beams at the plane z = 0 can be described by an expression of the form [29] , [30] 
where s = (s x , s y ) is the two-dimensional position vector in the source plane; a is a dimensionless parameter: if a > 0, the higher-order optical vortex phase rotates anticlockwise, if a < 0, the higher-order optical vortex phase rotates clockwise; b is the off-axis distance of edge dislocation; w denotes the waist width at the source plane. Using Eq. (1), the phase distribution and normalized intensity distribution of mixed higher-order optical vortex-edge dislocations beams are plotted in Fig. 1 . The calculation parameters are w = 3 cm, a = 0.6, b = 1cm and n = 3. From Fig. 1(a) and (b) we can see that in mixed higher-order optical vortex-edge dislocations beams, there exist an edge dislocation and a higher-order optical vortex with topological charge +3 at the source plane.
Using the following formula [31] (ax
Eq. (1) reduces to
The cross-spectral density function of mixed higher-order optical vortex-edge dislocations beams in the source plane reads as
where
(5) * denotes complex conjugate. In accordance with the extend Huygens-Fresnel principle [32] , the cross-spectral density function of mixed higher-order optical vortex-edge dislocations beams propagating through atmospheric turbulence can be written as
where ρ 1 = (ρ 1x , ρ 1y ) and ρ 2 = (ρ 2x , ρ 2y ) are the position vector at the z plane, k = 2πλ is the wave number, <•> denotes the average over the ensemble of the atmosphere turbulence.
can be written as [33] exp [ϕ
where ρ 0 denotes the spatial coherence radius of a spherical wave propagating through turbulence, and is given by
n denotes the refraction index structure constant. Substitute Eqs. (4) and (7) into Eq. (6), we adopt the formula (2) and the following integral formula [31] (8) we obtain analytical expressions for the cross-spectral density function of mixed higher-order optical vortex-edge dislocations beams propagating through atmospheric turbulence as follow
and
The spectral degree of coherence is defined as [34] 
2) stands for the spectral intensity of the point (ρ i , z). The position of optical vortices is determined by using Eqs. (19) and (20) [35] Re
where Re and Im denote the real and imaginary parts of μ(ρ 1 , ρ 2 , z), respectively. The topological charge of an optical vortex is defined as [1] 
where ϕ(r) is the phase distribution, C is an arbitrary circuit enclosing the singularities. The sign of the topological charge corresponds to plus and minus when the varying phases are respectively in counterclockwise and clockwise directions. The corresponding topological charge is n when the phase changes to 2nπ [36] . Fig. 2 gives the phase distribution of mixed dislocations beams at the source plane and propagating through atmospheric turbulence at the propagation distance z = 0.1 km, 0.2 km and 1 km, where the calculation parameters are λ = 1.06 μm, w = 3 cm, n = 3, C 2 n = 10 −15 m −2/3 , a = 0.6, b = 1 cm, ρ 1 = (1 cm, 1 cm). Fig. 2(a) infers that there exist mixed dislocations at the source plane z = 0, which is composed of an optical vortex (marked as A) with topological charge +3 and an edge dislocation (marked as B). Fig. 2(b) indicates that the optical vortex A breaks down into 3 optical indicates that the topological charge is −1, and • means that the topological charge is +1; the abscissa represents ρ 2x direction, the ordinate represents ρ 2y direction, and their units are cm.
Simulation

Evolution Behavior of Mixed Dislocations Whose Higher-Order Optical Vortex With Topological Charge is Plus
vortices (marked as A 1 , A 2 and A 3 ) with topological charge +1; the edge dislocation B evolves into a pair of optical vortices (marked as B 1 and B 2 ) with topological charge +1 and −1 at z = 0.1 km. Fig. 2(c) and (d) show that optical vortices A 3 and B 2 vanish, while other optical vortices still exist at z = 0.2 km; with the increase of the propagation distance z, other optical vortices always exist. From Fig. 2 we can know that when mixed dislocations beams propagate through atmospheric turbulence, an optical vortex with topological charge +n breaks down into n optical vortices with topological charge +1, and an edge dislocation evolves into a pair of optical vortices; with the increase of the propagation distance z, one of the optical vortices that are broken down and one of the optical vortices that are evolved will both vanish, other optical vortices still exist and remain stable. Fig. 3 gives the phase distribution of mixed dislocations beams in the source plane and propagating through atmospheric turbulence at the propagation distance z = 0.1 km, 0.2 km and 1 km, where the calculation parameters are a = −0.6 and the others are the same as those in Fig. 2 . From  Fig. 3(a) we can see that there exist an optical vortex (marked as C) with topological charge −3 and an edge dislocation (marked as D) at the plane z = 0. Fig. 3(b) infers that the optical vortex C breaks down into 3 optical vortices (marked as C 1 , C 2 and C 3 ) with topological charge −1; the edge dislocation D evolves into a pair of optical vortices (marked as D 1 and D 2 ) with topological charge +1 and −1 at z = 0.1 km. From Fig. 3(c) and (d) we can see that optical vortices C 3 and D 1 vanish, other optical vortices still exist at z = 0.2 km; other optical vortices always exist with increasing propagation distance. Fig. 3 shows that when mixed dislocations beams propagate indicates that the topological charge is −1, and • means that the topological charge is +1; the abscissa represents ρ 2x direction, the ordinate represents ρ 2y direction, and their units are cm. means that the topological charge is −3, indicates that the topological charge is −1, and • means that the topological charge is +1. means that the topological charge is +3, means that the topological charge is −3, indicates that the topological charge is −1, and • means that the topological charge is +1.
Evolution Behavior of Mixed Dislocations Whose Higher-Order Optical Vortex With Topological Charge is Minus
through atmospheric turbulence, an optical vortex with topological charge −n breaks down into n optical vortices with topological charge −1, and an edge dislocation evolves into a pair of optical vortices; with the increment of the propagation distance, one of the optical vortices that are broken down and one of the optical vortices that are evolved will both vanish; when the transmission distance is far enough, other optical vortices still exist and remain stable. show that optical vortices C 1 , C 2 and D 2 exist and remain stable, while optical vortices C 3 and D 1 annihilate at z = 0.163 km. Fig. 4 infers that when mixed dislocations beams propagate through atmospheric turbulence, with an increase in the propagation distance z, one of the optical vortices that are broken down and one of the optical vortices that are evolved will annihilate. Fig. 5 shows that when mixed dislocations beams propagate through atmospheric turbulence, with an increase in the off-axis distance of edge dislocation, the annihilation distance of optical vortices becomes large.
Trajectory of Optical Vortices Propagating Through Atmospheric Turbulence
The
Conclusion
In this paper, by using the extended Huygens-Fresnel principle, the analytical expressions for the cross-spectral density function of mixed higher-order optical vortex-screw dislocations beams propagating through atmospheric turbulence have been derived, which is then used to study the evolution behavior of mixed higher-order optical vortex-screw dislocations. It is shown that when mixed dislocations beams propagate through atmospheric turbulence, an optical vortex with topological charge ±n breaks down into n optical vortices with topological charge ±1, and an edge dislocation evolves into a pair of optical vortices. With the increase of the propagation distance z, one of the optical vortices that are broken down and one of the optical vortices that are evolved will annihilate, and the bigger the b is, the bigger the annihilation distance of optical vortices is. When the transmission distance is far enough, other optical vortices exist and remain stable. Besides, we numerical simulate the evolution behavior of mixed dislocations in different wavelength. We find that the conclusion is still valid. The results obtained in this paper are beneficial to understanding the evolution behavior of mixed dislocations propagating through atmospheric turbulence and conducive to controlling them.
